Background {#Sec1}
==========

Genome-wide association (GWA) studies have demonstrated that many different genetic variants cumulatively contribute to the risk of psychiatric disorders. The GWA approach has been particularly successful in schizophrenia, where over 108 susceptibility loci have been identified \[[@CR1]\]. Despite this recent progress, little is yet known of the precise genes and molecular mechanisms involved, such as epigenetic risk factors transmitted across generations. Moreover, the molecular genetics of other, more prevalent, psychiatric disorders are even less established. This includes attention-deficit hyperactivity disorder (ADHD), which is one of the most common and most heritable childhood-onset mental disorders \[[@CR2], [@CR3]\].

Even with considerable research efforts being directed towards understanding the etiology of ADHD and clearly identifying a wide range of risk factors, genome-wide studies have, so far, failed to identify robustly associated genes. The majority of candidate genes studied to date confer only a small risk for ADHD, often refer to co-occurring conditions and they lack consistent replication \[[@CR4]\]. Apart from the fact that ADHD is a multifactorial disorder and previous GWA studies have been underpowered, this may also be due to a number of other factors, such as phenotypic heterogeneity, rare and unexplored variants, epistasis, gene × environment interaction as well as the presence of parent-of-origin effects (POE). Compared to the efforts of increasing sample size, evaluating rare variants and gene x environment interaction studies, the elucidation of POE has been lagging behind, although, with large enough sample, POE may be detected indirectly through offspring's own genotype effect \[[@CR5], [@CR6]\]. Here, we review the main concepts of POE and how this knowledge can be applied to studies of neuropsychiatric disorders, such as ADHD.

Parent-of-origin effects (POE) {#Sec2}
==============================

POE is a collective term referring to situations in which mothers and fathers do not contribute equally to the development of a phenotype in their offspring \[[@CR7]\]. There are several known genetic mechanisms that could account for differential influence of one parent or the other: (1) genomic imprinting, (2) effects of the maternal genome on intrauterine environment and fetus (maternal effects) and (3) mitochondrial genome and sex chromosomes. In addition, many of these effects may have environmental interaction and epistatic components \[[@CR8]\] (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Hallmarks of parent-of-origin effects. The main mechanisms of parent-of-origin effects are depicted in the form of the genetic and environmental components that are affecting the development of a phenotype in an offspring

Genomic imprinting {#Sec3}
------------------

Genomic imprinting is the occurrence of monoallelic expression of only one of the two alleles, dictated by parental origin \[[@CR9]\]. Such differential expression of paternal versus maternal alleles is mediated by epigenetics \[[@CR10]\], defined as heritable alterations in gene expression caused by mechanisms other than changes in DNA sequence \[[@CR11]\]. Main epigenetic components known to be involved in imprinting are modifications in chromatin and methylation of DNA itself \[[@CR12]\].

Imprinting has already been implicated in psychiatric health \[[@CR13], [@CR14]\], with documented evidence in schizophrenia \[[@CR15], [@CR16]\], autism \[[@CR17], [@CR18]\] and bipolar disorder \[[@CR19], [@CR20]\]. The variability in ADHD phenotype was shown to differ depending on parental ADHD history \[[@CR21]\] and some rare genetic syndromes with ADHD symptomatology exhibit clinical evidence of imprinting \[[@CR22]\]. However, our knowledge about imprinting in ADHD is still rudimentary, with small studies and conflicting results dominating the field. Some ADHD candidate genes have been shown to have a strongly biased pattern of parental transmission in brain tissue \[[@CR23], [@CR24]\]. Early reports of asymmetric parental transmission to ADHD affected offspring have implicated several genes, including *SNAP25* \[[@CR25]--[@CR27]\], *HTR1B* \[[@CR28]--[@CR30]\], *SLC6A4* \[[@CR31], [@CR32]\], *BDNF* \[[@CR33]\], *DDC* \[[@CR34]\], *GNAL* \[[@CR35]\], *TPH2*, *DRD4*, *DRD5* \[[@CR31]\] and *SLC6A3* \[[@CR31], [@CR36]\]. These candidate gene findings have been reported in the early 2000s, with the last one published in 2010. As fundamental studies in neurobiology revealed that neuropsychiatric conditions are most likely to be polygenic, combined with overall low reproducibility of candidate gene studies, hypothesis-free genome-wide association (GWA) studies have taken over the field of psychiatric genetics in the past decade. In addition to allowing the interrogation of the entire genome, GWA studies may also benefit from a case/control design, where association signal is derived from unrelated individuals, without the need for parental genotypes. Such approach is particularly appealing in studies of late-onset neuropsychiatric disorders, where parent samples may not be obtained. The concept of genome-wide interrogation, nonetheless, can also be applied outside genetic association and case/control setup. POE, for example, can also be examined throughout the entire genome in trio data. However, we only know of a single genome-wide examination of imprinting in ADHD reported in 2012, with suggested parent-of-origin effects (not reaching genome-wide significance) in *FAS* and *PDLIM1* genes \[[@CR37]\]. In comparison, over 10 neuropsychiatric GWA studies have been published since 2008 (Catalogue of Genome Wide Association Studies, accessed in august 2015). Such gap in the amount of GWA studies versus genome-wide POE studies may be due to a number of reasons, as, for example, difficulties of collecting large number of trios and/or lack of guidance in the correct use of statistical models to test POE under various scenarios \[[@CR38]\].

DNA methylation patterns have also been studied in ADHD, mainly in previously nominated candidate genes. A recent study of dopamine transporter gene *SLC6A3*, that has been suggested to be imprinted, highlights several methylation-prone features of its sequence, including over 90 satellite repeats in its body and high cytosine/guanine density in its promoter region \[[@CR39]\]. A longitudinal examination of DNA methylation across genes previously associated with ADHD suggests that methylation differences in those genes are already apparent in early childhood even among identical twins, and that individual changes in methylation are not stable over time \[[@CR40]\]. Nonetheless, to which extent methylation patterns in ADHD reflect genomic imprinting remains to be determined.

Maternal effects {#Sec4}
----------------

Parent-of-origin effects are often interpreted as evidence of imprinting. However, there are additional mechanisms that can lead to differential impact of parents (especially mothers) on their offspring. At birth, the phenotype of a new-born may have already been strongly affected by the intrauterine milieu \[[@CR41]\]. The intrauterine environment is partly shaped by the maternal genome. In this respect, the maternal genome, regardless of which alleles are directly passed on to the offspring, can exert specific influence on offspring phenotypes. Parental genetic effects may occur when an allele expressed in only mothers or fathers has a causal influence on the phenotype of an offspring \[[@CR42]\]. Such effects have an environmental interaction or epistatic component \[[@CR8]\].

Maternal genetic variants with a strong impact on fetal development have been studied in clinical genetics, where they have been termed "teratogenic alleles". By similar mechanisms, the risk of psychiatric disorders in the offspring may also be influenced by maternal genes \[[@CR43]\]. For instance, genes related to the immune system could both be considered as risk genes themselves and as mediators of POE. In addition, neonatal development can be modified by maternal care and show a POE \[[@CR44]\]. It is also noteworthy, that while we here focus on maternal effects, paternal effects are also possible, although these effects have been less studied.

However, in practice it is difficult to sort out exactly how maternally or paternally inherited alleles would impact the developing fetus' response to intrauterine environment (epistasis and gene × environment interaction). Maternally derived hormonal factors are known to influence prenatal growth and development. For instance, animal studies have shown that maternally derived serotonin can influence embryonic development. In ADHD, it was shown that maternal *TPH1* mutations resulting in impaired maternal serotonin production may have long-term consequences for brain-development and increase the risk of ADHD-related symptoms in their offspring \[[@CR45]\]. Similarly, human prescription registry data have indicated that prenatal exposure to serotonin reuptake inhibitors has a lasting effect on offspring behavior \[[@CR46]\]. A similar maternal effect was also shown in a mouse model of anxiety, where the offspring of mothers heterozygote for a knockout mutation of the serotonin A1 receptor exhibited anxiety-like phenotype, even without inheriting the mutation themselves \[[@CR47]\].

Mitochondrial genome and sex chromosomes {#Sec5}
----------------------------------------

Mitochondrial DNA and the non-pseudoautosomal region of Y chromosome (which is only transmitted from father to son) are the two particular cases of POE. Classical mitochondrial diseases are characterized by maternal inheritance as well as muscular and neurological dysfunction. Similarly, polymorphisms in mitochondrial DNA have been also associated with neuropsychiatric conditions, such as schizophrenia, bipolar disorder, major depressive disorder and autism \[[@CR48]--[@CR50]\]. The mitochondrial genome is considered to be exclusively maternally inherited \[[@CR51]\], although there is also an example of paternal inheritance of a mitochondrial disease in humans \[[@CR52]\]. Several studies indicate that mitochondrial DNA contributes to synaptic transmission \[[@CR53]\] and calcium signaling \[[@CR54]\], important brain functions that also have been implicated in neuropsychiatric disorders \[[@CR55]\].

Apart from being maternally inherited, mitochondrial DNA may also exert its parent-of-origin effect through modification of penetrance of nuclear genome. Such a phenomenon has been described in a case of a familial neuropathy caused by mutations in the autosomal *TTR* gene \[[@CR56], [@CR57]\].

The non-pseudoautosomal region of the Y chromosome is exclusively transmitted from father to son \[[@CR8]\]. Animal studies show that mice and rat lines that differ only in that particular Y chromosomal region reveal altered brain morphology and behavior \[[@CR58], [@CR59]\]. Y-chromosome genes may contribute to our understanding of neurodevelopmental disorders exhibiting sexual dimorphisms, such as autism, ADHD, obsessive--compulsive disorder and major depressive disorder. It has been shown, for example, that the Y-encoded SRY (sex-determining region Y) transcription factor modulates MAOA (monoamine oxidase A) activity in human male neuroblastoma cells \[[@CR60]\]. *MAOA* is encoded on the X chromosome, plays vital role in the metabolism of neurotransmitters and its dysfunctions have been implicated in several neuropsychiatric conditions, including ADHD \[[@CR61]\]. Thus, Y-chromosome located genes may be able to regulate X-encoded genes, providing molecular mechanism for sexual dimorphisms in neuropsychiatric disorders.

Behavioral changes linked to sex chromosomes can also be observed in Turner's and Klinefelter's syndromes, with abnormal behavioral/cognitive phenotypes depending on parental origin of X chromosome. Different levels of autistic symptoms have been reported between Klinefelter's patients with additional maternal or paternal X chromosome \[[@CR62]\], while paternally derived X chromosome in Turner's syndrome has been associated with improvement in social cognition \[[@CR63]\].

Statistical methods to detect POE in humans: what is missing in GWA studies {#Sec6}
===========================================================================

GWA studies have contributed to a substantial advancement of human genetic knowledge during the past decade, but these data can so far only explain a fraction of the estimated heritability of complex disorders. In addition, associations detected in case/control design may originate from genetic mechanisms other than those functioning in cases, but rather from their confounders, such as maternal genotype effects, imprinting and/or maternal-fetal interactions \[[@CR5], [@CR6]\]. Importantly, the panel of statistical tools used in psychiatric genetics should also include models allowing for the presence of POE.

Methods utilizing trio data {#Sec7}
---------------------------

One aspect of POE, the examination of which has been attempted the most, is imprinting, or non-equivalence, of parental alleles. To date, all studies of POE in ADHD have applied transmission disequilibrium test (TDT) based approaches to identify biased transmission of parental alleles \[[@CR31], [@CR33]\]. In short, a 2 × 2 table containing transmitted/non-transmitted allele counts according to the maternal or paternal origin of the alleles is constructed and Fisher's exact test or Chi square test is applied to compare those. A similar approach is also implemented in the widely used PLINK's parent-of-origin test \[[@CR64]\]. Although the TDT has been proven to be a useful tool in POE analyses \[[@CR65]\], this method has some weaknesses: (1) *null hypothesis examined* the hypothesis tested by TDT itself is that of random meiotic selection of a parental allele for transmission to an offspring, but in POE it is the equality of paternal and maternal transmissions; (2) *non*-*independence of observations* the TDT statistics assumes that observed transmissions are independent (under Mendel's second law), meaning the TDT-based parental transmission comparison may not be valid because of the statistical dependence between maternal and paternal transmissions in triads with two heterozygous parents or because of the possible prenatal maternal effect occurring together with genetic association in triads with homozygote parents \[[@CR38], [@CR66]\]; (3) *bias due to missing data* POE detection by TDT-based approach may introduce likely bias when incomplete trios are utilized (for example, a trio with genotyped mother only will contribute to overall association test and to the test of maternal transmissions, but not to that of paternal transmissions) and (4) *confounding effects* TDT-based method to study POE is sensitive to a possible confounding impact of maternal effects on non-equivalence of parental transmissions \[[@CR38], [@CR67]\], as the two cannot be clearly distinguished with this test. Such methodology together with insufficient correction for multiple testing and rather modest sample sizes makes it difficult to draw firm conclusions. In fact, the outcomes of some of these studies on ADHD have either been subject of much controversy \[[@CR68], [@CR69]\] or have failed to replicate \[[@CR69]--[@CR72]\].

One method to account for both maternal effects and non-equivalence of parental alleles is the application of a log-linear modeling in trio data, that can be implemented in a number of softwares (e.g. EMIM/PREMIM, HAPLIN) \[[@CR5], [@CR38], [@CR73]--[@CR75]\]. A likelihood-based approach provides a valid substitute to TDT-based method by performing stratification on both the parental mating type and the inherited number of copies of the allele under study \[[@CR66]\], allowing for reliable testing of both imprinting and maternal effects. In addition, the likelihood ratio test (LRT) of the log-linear modeling performs better than TDT under dominant or recessive models \[[@CR73], [@CR76]\]. LRT also allows for possible prenatal maternal genetic effects \[[@CR73], [@CR77]\] and incomplete triads \[[@CR78]\]. It is not only robust in detection of POE, but is also able to provide insight into distinguishable imprinting and maternal effects. Furthermore, incorporation of parental origin into association studies may lead to detection of overall genetic effect of an allele (POE and association), possibly incrementing the power of a GWA study and, thus, reducing the sample size needed to observe an association signal, although the required sample size, most likely, still needs to be larger than the ones examined so far.

To date, log-linear modeling has not been applied to analyze POE in ADHD.

Methods utilizing unrelated individuals {#Sec8}
---------------------------------------

Apart from the family-based TDT approach, the parental origin of a genetic polymorphism may also be assessed in a sample of unrelated individuals by comparing phenotypic variance of a quantitative trait in a heterozygous genotype group to that of a homozygous group \[[@CR79]\]. This test assumes that a heterozygous group would exhibit increased phenotypic variability compared to a homozygous group, because it consists of two subgroups of reciprocal heterozygotes (paternal reference allele/maternal alternative allele and visa versa) each with different phenotypic means. While this method has the benefit of analyzing POE without trios, opening new potential of detecting POE in GWA data, it can lead to spurious conclusions when parental genetic effects are present (e.g., maternal effect).

Another approach that can utilize unrelated individuals to examine POE is Mendelian randomization (MR), an alternative method to investigate the causal nature of early life events (e.g., intrauterine fetal development) on disorders developed later in life. MR applies genetic variants to infer about the effect of a non-genetic risk factor (e.g., alcohol consumption during pregnancy) on a disease outcome (e.g., ADHD). Genetic variants employed in MR must be associated with the disorder in question, serving as a proxy for it. The alleles of such variants can then be used to divide a population into groups that differ systematically only in the presence of the examined disorder. Since the association between these variants and a disorder is not generally confounded by behavioral or environmental exposures, such design provides a causal estimate that is free from confounding, analogous to randomized controlled trials \[[@CR80]\]. MR was implemented, for example, to elucidate the detrimental role of intrauterine alcohol exposure on cognitive performance later in life \[[@CR81]\]. Nonetheless, while MR may be a useful tool to examine POE, its underlying main assumption of a strong association between the utilized genetic variants and the examined disorder is challenging to meet for ADHD, as, to date, no genome-wide association was reported for this condition. If the association between genetic polymorphisms and the phenotype is not substantial, the causal estimate will be biased in the direction of weak association, giving rise to erroneous conclusion of causality \[[@CR80]\].

Review {#Sec9}
======

The role of POE in the development of ADHD is alluring, and we have only just begun to explore these phenomena. The phenotypes, that have already been shown to be influenced by POE, suggest that these effects may have important impact on the development of neuropsychiatric conditions, including ADHD. Nonetheless, the exploration of POE in ADHD has been limited to mostly candidate gene studies, with no consistent findings thus far. Genome-wide analyses of POE mechanisms are also lacking in ADHD, as there has only been published a single genome-wide parent-of-origin effect study on ADHD, performed on a relatively under-powered sample of 846 trios \[[@CR37]\].

As the genetic association is largely conceptualized by loci with two equivalent alleles, most GWA studies of ADHD and related neuropsychiatric phenotypes have not implemented POE. Instead, genetic studies of POE in ADHD have been utilizing family-based TDT-like statistics to examine mostly just candidate genes. However, such approach may result in outcomes that are difficult to interpret as this test cannot provide clear distinction between maternal effects and non-equivalence of parental transmissions (imprinting). This may affect the formation of new hypotheses about molecular mechanisms of ADHD and the design of follow up functional studies. A presumption of imprinting would prompt the examination of epigenetic mechanisms in affected offsprings, while that of maternal effect would drive the evaluation of maternal genome and environment (including intrauterine environment). Thus, psychiatric genetics may benefit from the implementation of alternative statistical methods (e.g. LRT) to detect POE as the number, the impact and the function of genes with parent-of-origin effects in ADHD remains an important open question.

While improving statistical methods to examine POE in neuropsychiatric conditions will advance our odds of uncovering such effects, it is worth mentioning that sample size is a critical factor as well. Collecting trio data is challenging and, in many instances, recruited trios are incomplete, with missing parental genotypes adding to the difficulties of achieving adequate sample sizes. This is of particular concern in recruitment of trios with late-onset neuropsychiatric conditions (e.g., major depressive disorder), where parental genotypes may not be attainable. Recently, the formation of the international psychiatric genetics consortium (PGC) provided a platform for a much needed boost in assembling large enough samples, which led to identification of a number of genome-wide significant association loci for neuropsychiatric disorders \[[@CR1], [@CR82]\]. Nonetheless, the collection of trios is still not as efficient as that of unrelated individuals: compared to over 17.000 cases and 94.000 controls, only 2.064 trios were collected for ADHD to date. Apart from direct recruitment of trios, one way to circumvent the obstacle of small sample size is to turn to statistical tools to utilize incomplete trios (mother/child or father/child duos) by carrying out analyses at multiple variants simultaneously (haplotype analyses) and/or by relying on the expectation--maximization algorithm to estimate the missing genotypes \[[@CR5], [@CR74]\]. Greater power may also be achieved by analyzing trios together with samples of unrelated controls, which can provide a measure of reference allele frequency and take advantage of already collected large-scale samples, such as those of PGC \[[@CR5]\]. Regardless of these techniques, however, the majority of methods to detect POE generally assume that both parents are available for at least a subset of affected cases \[[@CR5]\]. Thus, unraveling practical issues of accumulating large number of trios with an affected offspring as well as advancing our statistical methods will aid POE analyses in complex disorders.

Conclusions {#Sec10}
===========

Research into POE of neuropsychiatric disorders is still in its methodological infancy and has not yet produced genome-wide significant and replicable results. The development and application of modern statistical approaches to examine the genetics of ADHD beyond simple association can yield novel insights into the genetic architecture of this disorder. Considering POE as a source of phenotypic variation can reveal a "hidden" heritable component that remains unrecognized in traditional association studies of complex traits. In addition, POE could add to the incomplete monozygotic twin concordance often observed for ADHD behavior \[[@CR83]\], the phenomenon of the sexually dimorphic (male) vulnerability to ADHD and offer a ramification to traditional approaches of disease gene identification, explaining why it is so difficult to pinpoint specific casual genes in apparently highly heritable disorders like ADHD.

In conclusion, better comprehension and inspection of POE may offer new possibilities of gaining insight into the molecular basis of ADHD and related phenotypes, as well as the potential for preventive and therapeutic interventions.
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